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Abstract while magnetopause reconnection naturally occurs in three-dimensional environments, our
understanding of the process has been mainly confined to the two-dimensional reconnection plane. How
reconnection varies in the third direction, that is, the azimuthal direction, and what causes the variation
remain open questions. We study the azimuthal variation of reconnection at an underexplored scale, which
is below an Earth radius, using THEMIS spacecraft. Our results show that reconnection jets transition from
being present to absent within tenths of a Rg, corresponding to tens of ion inertial lengths. The absence

of jets cannot be explained by an ion or electron diffusion region, or a magnetic flux rope flanked by two
reconnection sites. The sharp transition of reconnection is associated with spatially varying waves. No
drivers of the transition are identified locally at the magnetopause or in the upstream, implying that
reconnection may naturally have a finite extent at certain stages of its development.

Plain Language Summary Magnetic reconnection extracts energy from the solar wind to power
plasma convection, auroral displays, and geomagnetic substorms and storms in Earth's magnetosphere.
Although reconnection is often pictured as a two-dimensional laminar process, where oppositely directed
magnetic field lines in a plasma break and reconnect, the actual reconnection is three-dimensional where it
varies along the direction perpendicular to the plane. Since the scale in the third dimension determines how
much energy is imparted to the magnetosphere, knowledge of how reconnection varies in this direction and
what causes the variation is extremely important. Among existing reports, the utilized spacecraft
constellations are often too small or too large, only loosely constraining the range of variability in the third
dimension. Here, we use serendipitous constellations with a spatial size that is right at the predicted scale for
reconnection to vary. Our results show that reconnection jets transition from being present to absent
within tenths of an Earth radius. The sharp transition of reconnection is associated with spatially varying
waves. Causes of the transition cannot be identified from the surrounding or upstream electromagnetic field
and plasma conditions, implying that reconnection may naturally have a finite extent at certain stages of
its development.

1. Introduction

The structure of magnetic reconnection in the direction of the X-line has yet been well understood. At
Earth's magnetopause and under a southward interplanetary magnetic field (IMF), the direction typically
corresponds to the azimuthal direction, or local time. Limited understanding has been acquired about
how reconnection varies in this direction and what causes the variation, although the knowledge would
be critical to understand how much energy from the solar wind enters Earth's magnetosphere. A common
approach is to survey reconnection at spacecraft separated by various distances and examine whether and
how much the process differs. Using this method, studies have derived presence of null structures in the
magnetic field (Chen et al., 2017; 2019; Fu et al., 2015; 2017; 2019a; Wang et al., 2019). We focus on situations
where, according to reconnection signatures (e.g., reconnection jets), reconnection is present at one point
and absent at another and study the transition from presence to absence.

At kinetic scales, signatures of reconnection are often simultaneously observed by spacecraft separated by
tens of kilometers (e.g.,.Burch et al., 2016 ; Burch & Phan, 2016 ; Chen et al, 2016 ; Genestreti et al., 2017,
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2018 ; Phan et al., 2016 ; Torbert et al., 2017). On large scales of a few to >10 Earth radius (Rg), the signatures
are sometimes simultaneously observed at multiple spacecraft (e.g.,Dunlop et al, 2011 ; Hasegawa et al,
2016 ; Phan et al., 2000; 2006), sometimes by one spacecraft only (e.g.,Fear et al, 2010 ; Walsh et al,, 2017 ;
Zou et al., 2019). The former indicates that reconnection spans a few and >10 Rg, either as a continuous
X-line or a group of discontinuous patches. The latter suggests that reconnection transition from presence
to absence at a-few-Rg scale, although it is uncertain whether this scale reflects the true scale of variation
or merely gives an upper bound because of the spatial resolution of the observations offered by the
spacecraft separation.

Whether reconnection varies between the kinetic and a-few-Rg scales has been less investigated. This scale is
referred to as the sub-Rg scale in this paper, which corresponds to a few to tens of ion inertial lengths under
typical magnetosheath conditions (Cassak & Fuselier, 2015) (electron inertial lengths are also <1 Rg, but we
only focus on the ion scales). Various three-dimensional simulations in rectangular geometry have shown,
based on the strength of the reconnected magnetic field and the reconnection exhausts, that it is at the
ion scales that reconnection transitions from being active to the inactive background current sheet (Liu
et al, 2019; Nakamura et al., 2012; Shay et al., 2003; Shepherd & Cassak, 2012). Shay et al. (2003), Meyer
(2015), and Liu et al. (2019), using simulations, further propose that the minimum azimuthal scale of recon-
nection is about ten ion inertial lengths. Testing these models has been challenging due to the lack of space-
craft observations from constellations or serendipitous conjunctions at sub-Rg scales. Multi-spacecraft
measurements during the first few years of the CLUSTER mission reveal that magnetic flux structures pro-
duced by transient magnetopause reconnection, that is, flux transfer events, commonly (70%) do not extend
across the whole constellation (<1 Rg) (Wang et al., 2005), implying that the sub-Rg scale is a critical azi-
muthal scale for magnetopause reconnection.

What causes reconnection to be active at one region and absent at another remains an open question. One
possibility is that only a portion of the current sheet layer meets the threshold for reconnection onset.
Reconnection occurrence has been found to depend on local conditions of the current layer, including mag-
netic shear angle and plasma 8 (Paschmann et al., 1986; Phan et al., 2013; Scurry et al., 1994; Swisdak et al,
2003; 2010), plasma density (Borovsky et al., 2008; Walsh et al., 2014a; 2014b), velocity shear (Cassak & Otto,
2011; Liu et al.,, 2018), current sheet thickness (Xu et al., 2018; Liu et al., 2019; Fu et al., 2019b; Li et al., 2020),
and upstream inflow velocity (Fu et al., 2013b; 2013a). Reconnection is also affected by the upstream driving
conditions. If convection toward the reconnecting current sheet is localized, reconnection will be localized
(Pritchett & Coroniti, 2001). Another possibility is that reconnection is an intrinsically patchy process in
space (Kan, 1988; Nishida, 1989).

2. Methodology

We study how reconnection varies in the azimuthal direction at the sub-Rg scale and whether the variation
is driven by local magnetopause and upstream magnetosheath conditions. We select constellations formed
by THEMIS spacecraft that crossed the magnetopause <1 min apart near the subsolar region and are sepa-
rated by <1 Rg in the Y direction of geocentric solar magnetospheric (GSM) coordinate. The <1-min separa-
tion is regarded as being simultaneous enough for this study because previous studies have found that
reconnection often turns on and off on a time scale of >2 min (Fasel, 1995; Kuo et al., 1995; McWilliams
et al., 2000). As seen below, the actual separation between successive magnetopause crossings varies from
a few to 20 s. Although there also exists evidence that reconnection varies on a time scale of a few seconds
(Fu, Cao, et al., 2013a; Fu, Cao, et al., 2019a; Fu, Khotyaintsev, et al., 2013b), the reconnection signatures in
our selected events persisted tens of seconds up to 1 min as the spacecraft crossed the magnetopause, indi-
cating that the reconnection events under analysis were active at least for this duration.

The required constellations were common in the dayside science phase in Fall 2010, during which they were
constituted of THA, THD, and THE. We additionally require that there is a clear magnetic field rotation at
the magnetopause, and survey situations when at least one but not all spacecraft observe reconnection jets.
Auvailability of burst-mode data is preferred. Three events are identified and presented in this paper.

Active reconnection is identified based on reconnection ion jets that are consistent with the Walén relation
(Hudson, 1970; Paschmann et al., 1979), although we also investigate whether the spacecraft has passed the
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ion diffusion region (IDR) and electron diffusion region (EDR) as shown below. The Walén test is conducted
following Phan & Paschmann (1996); Phan et al. (2013), Trenchi et al. (2008), and Zou et al. (2019). Briefly,
we compare the maximum ion bulk velocity change across the magnetopause AV obtained from observa-
tions and Walén prediction. The predicted velocity change is

AV predgicr = +(1—a1) (1) ™/*[By(1~0t2) / (1—ct1)—By), 1)

where B and p are the magnetic field vector and plasma mass density, o is the vacuum permeability, and a =
(pi- p.LMo/B? is the anisotropy factor where pjand p, are the plasma pressures parallel and perpendicular to
the magnetic field. The subscripts 1 and 2 refer to a 10-s reference interval in the magnetosheath and to a

point within the magnetopause, respectively. If AV = (AVotmerve: AV presic ) / Ia i >0.5, the agreement is
Vpredicl

regarded to be significant, which implies that the observed ion bulk flow is a result of reconnection
acceleration.

3. Observations
3.1. Spatial Variation of Reconnection

Figure 1 presents the locations of the three spacecraft for the three studied events in the GSM Y-Z plane. The
spacecraft observing reconnection jets are denoted by solid circles and those not observing by open circles.
As seen from Figures 1a-1c, THE was positioned duskward of THA by only 0.1-0.2 Rg, and THD was dusk-
ward of THE by 0.4-0.5 Rg for each event, which translates to 9-30 and 37-86 ion inertial lengths based on
the observed magnetosheath conditions (magnetosheath conditions shown below). Zooming out to the glo-
bal scale, Figures 1d-1f present the spacecraft location in the context of magnetic shear angle distribution
along the dayside magnetopause. The shear angle is calculated following Trattner et al. (2007). The ridge
of maximum magnetic shear is marked with white curves, and it signifies the most probable location for
reconnection to occur within the model (Trattner ef al., 2007). The three spacecraft (marked as blue dots),
whose locations became indistinguishable given the large axis ranges of this figure, were positioned <2 Rg
away from the X-line of component reconnection in all events.

3.1.1. Event #1

Figure 2 presents in situ magnetopause measurements on 27 September 2010. Panels al-a4, bl1-b4, and c1-
c4 present the magnetic field, plasma density, ion energy spectra, and ion bulk velocity at THA, THE, and
THD during the same 90-s interval. The magnetic field and velocity are presented in LMN coordinates,
which are determined by minimum variance analysis (MVA) of each spacecraft data. The projection of N
direction was (0.922, —0.386, —0.005), (0.950, —0.296, —0.094), and (0.951, —0.303, —0.063) in GSM coordi-
nates for THA, THE, and THD, respectively. The magnetopause current sheet is shaded in pink, and this
is where we look for signatures of reconnection. THD observed an ion bulk flow with a peak speed of 357
km/s (panel c4). For reference, the hybrid Alfvén speed was 351 km/s. This means that the flow at THD
was Alfvénic, providing strong evidence that reconnection was active at the THD longitude. A Walén test
reveals that the observed reconnection jet speed was 86% of the predicted speed and that the direction dif-
fered from the predicted jet by 15°. AV was 0.83, confirming that THD observed a reconnection jet.

THE also detected a reconnection jet, as the ion bulk flow speed at the magnetopause (Panel b4) was 77% of
the predicted speed, and the flow direction differed from the prediction by 24°. AV was 0.71. On the other
hand, no reconnection jet was measured at THA as the ion bulk flow speed was below the Alfvén speed
(panel a4) and AV was only 0.39. One interesting feature is that AV dropped from the most duskward-
located THD to the most dawnward-located THA. Similarly monotonic trends are found in the following
two events, suggesting that reconnection jets downstream of the X-line subside gradually from the reconnec-
tion site to the surrounding nonreconnecting current sheet.

Could reconnection still be active at THA? One possibility is that THA crossed the IDR or EDR where the
Walén relation is not expected to be satisfied. To discern IDRs, we compare the perpendicular plasma bulk

velocity and the electric field drift velocity %? in the GSM Z direction since E+V X B = 0 does not hold in

IDRs. The choice of the Z direction is because it roughly marks the expected direction of the E X B drift aris-
ing from the reconnection electric field Ey;, and previously identified IDRs showed a large departure of ion
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Figure 1. (a—c) Spacecraft location in GSM Y-Z plane. The spacecraft observing reconnection jets are denoted by solid circles and those not observing by open
circles. (d-f) Spacecraft location (blue dots) in the context of the magnetopause shear angle as viewed from the Sun. The shear angles were calculated with the
magnetic field direction of the T96 model and the draped IMF conditions at the magnetopause. The IMF conditions were taken as 10-min averaged OMNI solar
wind data and are marked on top of each panel. Locations of maximum shear angles are marked by the white curve. The black circle represents the size of the
magnetopause at the terminator.

bulk flows from the E X B drift in this direction (e.g.,Dai et al., 2015 ; Mozer et al., 2002). The two velocities
are presented in panel a5, and they have shown good consistency. The slight difference (tens of kilometers
per second) is interpreted to lie within the error bar because a similar difference is observed in the
magnetosheath, where the two velocities are expected to be the same. Signatures of EDRs include large
parallel electric fields, intense currents, fast electron bulk flows, and strong electron heating (Burch et al,
2016). Using THEMIS measurements, Tang et al. (2013) identified an EDR based on electron bulk velocity
and temperature, where the temperature shows large anisotropy of >7 and strong heating of >150 eV.
The electron temperature is presented in panel a6, and it is not consistent with EDRs. Unfortunately,
limited by time resolution, THEMIS cannot identify EDRs finer than 3 s (Cao et al., 2017).

Another possibility is that THA passed a magnetic flux robe flanked by two active reconnection X-lines. If
true, we expect an increase in the total magnetic field as in @ieroset et al. (2014), which is again not observed
in panel al.

Hence, the available evidence suggests that reconnection has transitioned from being active at THD and THE
to being inactive at THA. We interpret the transition as occurring mainly in the azimuthal direction, as
opposed to the GSM Z direction, because reconnection jets are mostly directed in the GSM Z direction, and
if not decelerated by other processes, they can extend a few Rg, if not longer, from the X-line (e.g., Trattner
et al., 2012 ; 2018). The spacecraft configuration is not consistent with reconnection jets being decelerated
because THA was located upstream, rather than downstream, of the reconnection jets seen by THD and THE.

We present spectrograms of electric fields E,, and magnetic fields B,, in the spacecraft spin plane at THD in
panels c7-c10. The ratio of E,, to By, is also calculated and displayed in panel c11. Considering that the ratio
increases with wave normal angle for waves at a given frequency (Figure S1 in the supporting information),
we use it as a proxy of the wave normal angle. At low frequencies, THD observed broad electromagnetic
wave enhancement below ~200 Hz. The bulk of B, power spectral density were around and below the
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Figure 2. Panels al-a4, bl-b4, and c1-c4: magnetic field, plasma density, ion energy spectra, and ion bulk velocity at THA, THE, and THD, respectively. The
magnetic field data were taken from high-resolution FGM data for THA and THD and from low-resolution FGM data for THE. The plasma measurements were
taken from burst-mode ESA data for THA and THD and reduced mode for THE. Panels a5, b5, ¢5: comparison of the perpendicular ion bulk velocity and the
electric field drift velocity in GSM Z direction, the latter being downsampled to 3 s to be consistent with the ion bulk velocity. Panels a6, b6, c6: electron temperature
taken from burst-mode ESA data for THA and THD and fast-mode ESA data for THE. Panels a7-a10, b7-b8, c7-c10: spectrograms of By, and Ey,. THA and THD
measurements were computed from particle burst mode of FFT and high-resolution of FGM for By, and EFI for E,,. THE measurements were taken from FBK.
The magenta lines mark electron gyrofrequency and the black line marks the lower hybrid frequency. Panels all, b9, c11: the ratio of E, to By,.

lower hybrid frequency, and the waves were more parallel to the background magnetic field By than the
surrounding. Similar waveforms have been observed by Ergun et al. (2017) and Wilder et al. (2019).
Although the nature of the waves is not completely understood, they are noted to differ from classic lower
hybrid drift instability (LHDI) as LHDI produces electrostatic fluctuations with a wave vector that is
perpendicular to By. Ergun et al. (2017) found that the electromagnetic waves are consistent with a thin,
oscillating current sheet that is corrugated by a surface wave near the X-line, which motivated Wilder
et al. (2019) to name the waves as current corrugation. It is not entirely clear how far current corrugation
can propagate from EDRs, but if it can propagate a long distance like LHDI (Chen et al., 2017), it may be
the wave mode seen by THD.

THD observations also bear similarity with kinetic Alfvén waves (KAWs) studied by Qieroset et al. (2014)
where the waves occur in a magnetic flux rope flanked by two active reconnection X-lines. Here the
KAWs extended to frequency much higher than the ion cyclotron frequency (1-2 Hz) because they were
Doppler shifted when being observed in the spacecraft reference frame. However, the plasma environment
in @ieroset et al. (2014) has a density that is more or less uniform, while the large density gradient at THD
could drive ions and electrons to undergo diamagnetic drifts (Chaston et al., 2005). Given the differences in
the observed waves between our event and reports by others, we only refer to our observed waves as low-
frequency waves without a definitive wave-mode classification.
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Figure 3. Similar to Figure 2 but for the event on 21 October 2010. The N component of the LMN coordinates are (0.978, —0.176, 0.111), (0.981, —0.047, 0.190), and
(0.983, —0.163, 0.087) in GSM coordinates for THA, THE, and THD, respectively. All data collections of the three spacecraft were in burst mode.

In contrast, THA only observed the broadband low-frequency electromagnetic waves for a very brief interval
during 15:52:38-15:52:43 UT. Although not of our main interest, THA observed a train of waves whose fre-
quency is consistent with whistler mode wave in the magnetosheath. Whistler mode waves also occurred
on the two sides of the By minimum at the THA magnetopause crossing, and on the magnetosheath edge
of THD crossing. THE was in not in burst mode, and the wave perturbations were obtained from filter
bank (FBK) rather than fast Fourier transform (FFT) data to retain the relatively high time resolution. It
captured wave enhancement below ~200 Hz across the magnetopause just like THD. Therefore, the low-
frequency waves subsided from THD and THE to THA in a similar manner to the reconnection jets.

Note that low-frequency electromagnetic waves are not always present at the magnetopause. They are
absent, for instance, at the non-reconnecting magnetopause (interested readers can find an example in
Figure S2). The fact that the waves were not completely absent at THA in Figure 2 may suggest that recon-
nection at THD and THE had excited waves which spread over a broader azimuthal area than the reconnec-
tion jet. If the waves were excited locally within the reconnection jet (Lapenta et al., 2014, 2018; Pucci et al,
2017), they might have propagated at an angle to the jet direction.

3.1.2. Event #2

The second event occurred on 21 October 2010 as presented in Figure 3. The hybrid Alfvén speed was com-
paratively low, being 191 km/s, due to the higher plasma density in the magnetosheath than Event #1. Thus,
the ion bulk flow upon THD magnetopause crossing (Panel c4) was Alfvénic. The flow speed was 70% of the
speed of the predicted reconnection jet, and the direction differed from the predicted jet by 23°. AV was 0.65.
Toward the dawn, AV was 0.36 and 0.22 at THE and THA, respectively. Neither THA nor THE observed ion
bulk velocities significantly deviating from electric field drifts as expected from IDRs (Panels a5 and b5), or
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Figure 4. Similar to Figure 2 but for 16 October 2010 event. The N component of the LMN coordinates are (0.970, —0.226, 0.094), (0.962, 0.197, 0.191), and (0.920,
—0.250, 0.304) in GSM coordinates for THA, THE, and THD, respectively. Only THA was in burst mode. Treatment of THE and THD data was similar to THD in

Figure 2.

electron heating as expected from EDRs (Panels a6 and b6). Since the spacecraft not observing reconnection
jets were again located upstream of the reconnection jet, the transition from active to inactive was not due to
flow deceleration in the L direction but reflects a termination of reconnection activity over 0.4 Rg in the
azimuthal direction.

Similar to the first event, THD observed broadband low-frequency electromagnetic waves below ~200 Hz
and the bulk of By, power spectral density was around and below the lower hybrid frequency. There existed
additionally strong E,, fluctuations on the magnetosphere- and magnetosheath-side of the magnetopause,
which are likely to be the classic LHDI as Wilder et al. (2019) pointed out. THE also detected low-frequency
waves, but the intensity was weaker than that of THD, and the waves at THA were even weaker.

3.1.3. Event #3

The third event occurred on 16 October 2010 as presented in Figure 4. The reconnection features were very
similar to those of the first two events, and therefore, this is another indication that it is not very rare for
reconnection to terminate on spatial scales of a few tens of ion inertial lengths, although a statistical study
is warranted to obtain the occurrence rate. The result is consistent with Wang et al. (2005) and implies that
the sub-Rg scale is a critical azimuthal scale of magnetopause reconnection.

3.2. Magnetopause Conditions of the Spatially Varying Reconnection

To gain insight on why a reconnection jet was present at some of the three spacecraft and absent at others,
we compare the magnetopause conditions at the three spacecraft locations. As listed in Table 1, the studied
conditions include the normalized guide field, magnetic shear angle 6 across the magnetopause, change of
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Table 1
Magnetopause Conditions of the Studied Events

Event 1: 2010 Sep 27 Event 2: 2010 Oct 21 Event 3: 2010 Oct 16

THA THE THD THA THE THD THA THE THD
Bu/BL, asym 0.2 0.4 0.5 0.4 0.4 0.2 0.2 0.2 0.1
6 (°) 146 130 139 141 161 163 174 156 169
AB 1.5 0.8 0.7 1.1 1.3 0.8 1.0 0.9 0.9
AVL/VA asym L 0.1 0.1 0.1 0.2 0.3 0.2 0.0 0.0 0.0
AVi/V A asym,L. 0.4 0.3 0.3 0.2 0.3 0.0 0.2 0.3 0.3
w (s) 14 10 13 8 16 16 17 38 5

Note. From top to bottom are the normalized guide field, magnetic shear angle, changes in plasma beta and in ion velocity across the magnetopause, and current
sheet thickness. Spacecraft that observed reconnection ion jets are shown in bold.

plasma B, change of the V, and V), and thickness of the current layer. The changes across the
magnetopause are determined as differences between averaged magnetosheath and magnetosphere
properties, and the averages are calculated based on 10-s intervals (marked as black arrows in panels a3,
b3, and c3 of Figures 2-4) adjacent to the magnetopause boundary layer. Here, we identify the
boundary layer using the ion energy spectra to exclude regions with mixed magnetosheath and
magnetosphere plasmas. We assume the magnetopause motion to be uniform at the spatial scale of our
interest. For each event, we compare the duration of magnetopause crossings to infer the relative
thickness between the three spacecraft. The duration is defined by 75% of the By change across the
magnetopause, starting from the time when B;, reaches 12.5% of the change and ending at 87.5% of the
change. Our assumption of uniform motion and our focus of relative current sheet thickness arise from
the consideration that the magnetopause motion determined by single spacecraft can be far from precise
(Bauer et al, 2000; Haaland et al, 2004) and that the de Hoffman-Teller frame, which is used to
determine the motion speed, cannot be obtained at a nonreconnecting current sheet.

The guide field has been suggested to affect reconnection rate in simulations (Peng et al., 2017; Pritchett &
Coroniti, 2004; Ricci et al., 2004; Wang et al., 2000). We determine the guide field by averaging the M com-
ponent of the magnetic field across the MVA interval and normalize it by the hybrid reconnecting magnetic
field strength By asym, Which is defined as (Birn et al., 2008)

BL,asym =V |BL1msp|'|BL,msh|:

where B msp and B msh are By, in the magnetosphere and magnetosheath, respectively. Our results show
that the presence/absence of reconnection has no clear association with the normalized guide field. The
change in plasma 3, combined with magnetic shear angle 8, has been reported to affect occurrence of asym-
metric reconnection because of the diamagnetic drift effect (Phan et al, 2013; Swisdak et al, 2003; 2010).
Reconnection is unlikely to occur if Ag is larger than a certain threshold determined by 8 and a free para-
meter associated with the width of the plasma pressure gradient. 6 varied by <20° for all three events. For
Events 1 and 2, the values of Af at active reconnection sites were indeed smaller than those at inactive sites.
In Event 3, however, no significant difference is found.

If the velocity shear across the magnetopause is Alfvénic, reconnection is likely to be suppressed (Cassak &
Otto, 2011; Doss et al., 2015; Liu et al., 2018). Since the spacecraft traversed the magnetopause near the sub-
solar point, it is not surprising that the observed velocity shears were all sub-Alfvénic (the Alfvén speed used
here is the hybrid Alfvén speed (Cassak & Shay, 2007)). The thickness of the current layer can affect the
development of reconnection because tearing instability grows faster at a thin than a thick current layer.
However, the observed thickness again did not show clear association with reconnection. In fact, in Event
3, the current sheet was thinnest at THA where reconnection did not occur.

Therefore, we cannot identify causes of the spatial variation of reconnection from the local parameters at the
magnetopause. One may wonder whether there existed localized deformations of the magnetopause current
sheet, but the hypothesis is not supported by our MVA analysis, which has produced very similar current
sheet normal directions (difference < 5%) between the three spacecraft. We have not found evidence of
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localized upstream drivers either, such as magnetosheath high-speed jets reported by Hietala et al. (2018). A
statistical study should be conducted to unbiasedly confirm this lack of clear drivers, but the present finding
suggests that magnetopause reconnection is likely to be intrinsically finite in space, at least at one end of the
X-line and at certain stages of its development. Theories and observations have indeed suggested a spreading
phase of reconnection before the X-line becomes long (Huba & Rudakov, 2002; Lapenta et al., 2006;
Nakamura et al., 2012; Phan et al, 2006; Shay et al, 2003; Shepherd & Cassak, 2012; Walsh et al.,, 2018;
Zou et al., 2018). Another explanation is that magnetopause conditions evolve as reconnection proceeds,
and one should examine conditions right before reconnection onset time and right at the onset location to
infer the causes of variation. The conditions right before the onset, however, are difficult to pinpoint because
a spacecraft traverses the magnetopause as a snapshot in time, where information about conditions imme-
diately before the traversal, or whether reconnection initiates after the traversal cannot be easily acquired.

4. Summary

We study how magnetopause reconnection varies in the azimuthal direction at sub-Rg scale, or a few to tens
of ion inertial lengths. We find situations when Alfvénic reconnection jets are present at some spacecraft and
absent at others that are located a few tenths of an Rg away. The absence of jets is not due to the spacecraft
encountering an IDR or EDR or a magnetic flux rope flanked by two reconnection sites. Strong (weak)
plasma jets are associated with strong (weak) broadband low-frequency electromagnetic waves. Causes of
the variation are not directly identified from local magnetopause or upstream magnetosheath conditions,
suggesting that reconnection could naturally be a finite process, at least at one end of the X-line and at cer-
tain stages of its development.
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